Coherently coupled 1 x 2 VCSEL arrays with intentional built-in asymmetry have been designed and fabricated. Preliminary characterization shows electrically controlled mode switching and indications of parity-time symmetry breaking.
Coupled optical systems with uneven gain/loss has been studied extensively in recent years as an analogy to the non-Hermitian quantum system. Non-orthogonal coupled modes, parity-time (PT) symmetry, and exceptional points have been shown and applications have been demonstrated, including mode control and selection, beam steering, unidirectional light propagation, sensing sensitivity enhancement, to name a few [1]- [5] . Among the various systems that have demonstrated PT symmetry and non-Hermiticity, coherently coupled vertical cavity surface emitting laser (VCSEL) array is of great interest because of its technological maturity and mass fabrication compatibility. Beam steering and PT symmetry breaking have been demonstrated in room-temperature electrically injected 1 x 2 coherently coupled VCSEL arrays [6] , and the array is an analogy to a quantum particle inhabiting a coordinate axis that consists of just two points [7] , as discussed in the following.
The coupling of two coupled single-mode resonators can be described by the temporal coupled mode theory, written in the compact form as 
 
, which is necessary for PT operator to commute with Ω . When Ω is non-Hermitian, the eigen-frequencies of the coupled modes may be real or complex, and the eigenmodes are not orthogonal to each other. Exceptional points can also appear. In additional to the gain/loss induced PT-symmetric non-Hermiticity, non-Hermitian coupling coefficients ( * 12 21
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) can also cause the system to be more generally non-Hermitian [8] . As Equation (1) has the same mathematical form as the Schrödinger equation in quantum mechanics, Ω is an analogy to the non-Hermitian Hamiltonian. In order to explore the non-Hermitian properties of the coupled VCSEL arrays for mode control, selection and switching, we have designed and fabricated 1 x 2 coherent VCSEL arrays with intentional built-in asymmetry. A subset of the designs is shown in Figure 1 . Compared to the previously reported coherent VCSEL arrays with current isolation between the individual elements, the devices shown in Figure 1 have stacked ion implantation for current isolation, instead of having focused ion beam etch which induces excessive scattering loss between the two elements [9] . Without the scattering loss between the two cavities, mode switching and in-phase operation are expected to be enhanced. The asymmetric VCSEL array designs incorporate lithographically defined asymmetries on photonic crystal (PhC) patterns and ion-implantation aperture sizes, shown in Figure 1 , which induces asymmetry in index profile, gain profile, and scattering loss.
Preliminary characterization has been carried out on both symmetric coupled VCSEL arrays, for example in Figure  2(a) , and the ones that have built-in asymmetry, for example in Figure 2(b) . The symmetric array shows maximum (close to unity) degree of coherence along the diagonal ( 12 I I  ) of the two dimensional (2D) light versus current (L-I) graph, shown in Figure 2(a) by the far field intensity profiles at points labeled by 1 and 5. Away from the diagonal, the degree of coherence decreases, as shown in Figure 2 (a) at the points labeled by 2, 3, and 4. For an array with asymmetric PhC hole sizes, the 2D L-I graph is shown in Figure 2(b) . The left element has higher threshold current than the right element, and the 2D L-I graph is asymmetric. Along the diagonal of the 2D L-I graph (at point 1) we see unbalanced near field intensity distribution and a pear-shaped far field, indicating PT symmetry breaking due to the gain contrast between the under-threshold left element and above-threshold right element. As I1 is increased while I2 is fixed, we see mode switching (from point 1 to point 3 and from point 4 to point 6) with qualitative changes in the far field, near field, output power, and lasing wavelength (not shown). Fig. 2 . (a) Light versus injected currents for a symmetric 1 x 2 coherent VCSEL array. Insets show microscopic image of the device and far field intensity profiles measured at various injection levels (labeled 1-5). (b) Light versus injected currents for an asymmetric 1 x 2 coherent VCSEL array, with I1 (I2) referring to the current injected in the left (right) element. Insets show microscopic image of the device, far field intensity profiles, and near field intensity profiles measured at various injection levels (labeled 1, 3, 4, 6) . At injection levels labeled 2 and 5, the array was unstable with temporally chaotic output.
In summary, using temporal coupled mode theory, the concept of PT symmetry and non-Hermiticity are introduced to coherently coupled VCSEL arrays. To explore the non-Hermitian properties of the arrays, lithographically defined built-in asymmetry has been used to create asymmetric gain/loss profile and index confinement. Devices have been fabricated and preliminary characterization shows electrically controlled mode switching and indications of PT symmetry breaking.
